Streptococcus pseudopneumoniae is a close relative of the major human pathogen S. 32 pneumoniae. While initially considered as a commensal species, it has been increasingly 33 associated with lower-respiratory tract infections and high prevalence of antimicrobial 34 resistance (AMR). S. pseudopneumoniae is difficult to identify using traditional typing 35 methods due to similarities with S. pneumoniae and other members of the mitis group (SMG). 36 Using phylogenetic and comparative genomic analyses of SMG genomes, we identified a new 37 molecular marker specific for S. pseudopneumoniae and absent from any other bacterial 38 genome sequenced to date. We found that a large number of known virulence and 39 colonization genes are present in the core S. pseudopneumoniae genome and we reveal the 40 impressive number of known and new surface-exposed proteins encoded by this species. 41 Phylogenetic analyses of S. pseudopneumoniae show that specific clades are associated with 42 allelic variants of core proteins. Resistance to tetracycline and macrolides, the two most 43 common resistances, were encoded by Tn916-like integrating conjugative elements and 44 Mega-2. Overall, we found a tight association of genotypic determinants of AMR as well as 45 phenotypic AMR with a specific lineage of S. pseudopneumoniae. Taken together, our results 46 sheds light on the distribution in S. pseudopneumoniae of genes known to be important during 47 invasive disease and colonization and provide insight into features that could contribute to 48 virulence, colonization and adaptation.
Introduction
exposed proteins PsrP and PspA, and the stand-alone regulators MgrA and RlrA (Table S5 ). 3 195 of these 16 proteins, HysA, PclA and MgrA, are core S. pneumoniae features (26). Other core 196 S. pneumoniae proteins were represented in only a very small subset of S. pseudopneumoniae 197 strains, such as Eng (n=1), PiaA (n=1), GlnQ (n=3) and the HK and RR that constitute TCS06 198 (n=3). 29/61 surface-exposed proteins were found in the core S. pseudopneumoniae genome, 199 including amongst others major virulence factors such as Ply, NanA and HtrA ( Fig. 4A and 200 Table S5 ). The NanA variant found in S. pseudopneumoniae shares similar domains and good 201 similarity with pneumococcal NanA, however it differs strongly in its C-terminal region, 202 where the LPxTG-anchoring domain is replaced with a choline-binding domain (CBD).
found to be part of a Mega-2 element (macrolide efflux genetic assembly), integrated within 239 the coding sequence of a DNA-3-methyladenine glycosylase homolog to SP_RS00900 of S. 240 pneumoniae TIGR4 (Fig. S3A ). Integration of Mega-2 in this site has been previously 241 reported in S. pneumoniae (29, 30) . tet(M) and erm(B) genes were found within the Tn916-242 like integrating conjugative elements (ICEs) Tn5251 (31) and Tn3872 (32) ( Fig. S3A and 243   Table S8 ). Tn5251 and Tn3872 ICEs were highly similar between the various strains (Fig. 244 S3B and S3C) and were found integrated in 7 different integration sites in the chromosome 245 (Table S8 ). 4 of the integration sites were unique, while the other 3 were shared by two or 246 more strains. One strain, SMRU2248, carried the tet(O) gene, which also encodes tetracycline 247 resistance, in what appeared to be the remnant of a Tn5252-like ICE. Two strains carried an 248 aminoglycoside-3'-phosphotransferase aph(3')-Ia gene.
250
Bacteriophages are tightly associated with S. pseudopneumoniae 251 27/44 S. pseudopneumoniae strains carried at least one putatively full-length prophage. 21 of 252 these prophages shared a highly related integrase (≥90.5% identity nucleotide) which we 253 termed Int Sppn1 , and in 19 cases these prophages were found integrated between 254 SPPN_RS05275 (encoding a putative CYTH domain protein) and SPPN_RS05395 (encoding 255 a putative GTP pyrophosphokinase) (Table S9 ). The remaining 2/21 phages were found alone 256 in a contig without chromosomal flanking sequences. Although a full-length prophage could 257 not be confirmed in the remaining 23 strains they harbored the same integrase, which was, 258 except in two cases (G42 and ATCC BAA_960), associated with some phage genes. 6 strains 259 carried an additional putatively full-length phage encoding an integrase closely related to that 260 of pneumococcal group 2a prophages (33). These prophages were found between 261 SPPN_RS07570 and SPPN_RS07555, which are the homologs of the genes flanking the 262 phage group 2a integration site in pneumococci (34). 23 other strains harbored this integrase, 263 however, the presence of more than one phage per strain severely impaired our ability to 264 confirm the completeness of the phages they were associated with, as phage sequences were 265 split between various contigs.
267
Phylogenetic clades of S. pseudopneumoniae are characterized by different patterns of 268 accessory virulence genes and antibiotic resistance genes 269 A SNP-based phylogenetic tree using the 793 S. pseudopneumoniae core COGs revealed that 270 the species is divided into three clades ( Fig. 6A ). Clades II and III encompass most of the 271 isolates while clade I is composed of 5 isolates which fall closer to the S. pneumoniae strains 272 ( Fig. 6A and Fig. S4 ). All three clades were composed of strains isolated from the 273 nasopharynx and from sputum or lower-respiratory tract samples. The three blood isolates 274 belonged to clade II. We investigated the distribution of accessory proteins and allelic variants 275 of core proteins in each clade, as well as the presence of genetic determinants of AMR and 276 phenotypic resistances to penicillin and co-trimoxazole (SXT), as they had high prevalences 277 in other reports (6-8) and were available for many of the NCBI genomes.
279
PcpA was found exclusively in clade II, while PiaA, ZmpD and Eng were found in clade I 280 ( Fig. 6B ). GlnQ, NanB and NanC were not associated with any particular clade. While MerR was well represented in all clades, CbpC was found in most strains of clade I and all strains of 282 clade III. The presence of CbpC correlated with specific alleles of CbpJ ( Fig. 6B and S5A ).
283
Strains which carried variant I of CbpJ were exclusively found in clade II and where in all 284 cases devoid of CbpC. BlpH proteins (HK13) belonged to one of two variants which were 285 tightly associated with clade II and clade III ( Fig. 6B and S5B ). Four variants of BlpH which 286 did not specifically cluster with a specific clade were found to be similar to BlpH-I in boxes 1 287 and 2, which are important for interaction with BlpC (35). As expected, BlpH variants were 288 almost strictly associated with specific variants of BlpC, BlpCSpp1.1 and BlpCSpp2. The 289 latter is identical to BlpC 6A (35) while the former differs from BlpC R6 by one amino acid 290 in the leader peptide sequence (Fig. S5C ). Two strains carried other BlpC alleles, 291 BlpCSpp1.2, which is identical to BlpC R6 and BlpCSpp3 which is unique. Unlike for BlpC, 292 most strains had the same CSP pherotype. Besides CSP6.1 and CSP6.3 which have previously 293 been described in S. pseudopneumoniae (36), two new alleles of ComC were found, CSP6.4 294 and CSP10 ( Fig. 6B and S5D ).
296
Genetic determinants of AMR, such as ICEs and Mega-2, as well as phenotypic resistances to 297 penicillin and SXT were mostly associated with clade III, in which 19/20 strains (95,2%) 298 carried at least one genetic element encoding an AMR determinant or have been shown to be 299 resistant to at least one antibiotic ( Fig. S6B) . A relatively small percentage of strains 300 belonging to clade II (31,6%) were associated with AMR. In general ICE integration sites 301 were shared by closely related strains. 9 of the 11 strains carrying a Mega-2 element are found 302 in a subset of clade III and presence of this element was almost strictly associated with the 303 absence of a plasmid.
305

Discussion
306
Correct identification of SMG strains remains a challenge. While S. pseudopneumoniae was 307 originally described as phenotypically different from S. pneumoniae using traditional 308 identification methods (1), an increasing number of studies have reported atypical isolates (4, 309 5, 7, 13). Most likely this is due to the ability of these species to acquire genetic material 310 through natural transformation and to their high genetic relatedness, underlined by our results 311 that nearly 50% of the pan genomes of S. pneumoniae and S. pseudopneumoniae are shared 312 by both species. Inarguably, the difficulties in identifying S. pseudopneumoniae have 313 impaired our understanding of its epidemiology and contribution to human disease. a consensus parsimony tree based on all the SNPs generated by kSNP was used (49). The phylogenetic tree was visualized in MEGA7 (50). present in all the strains) and the core-genome tree/species tree for the SPPN species was 423 constructed based on the core-genome SNPs including only single copy core genes (n=793).
424
Using pan:SPPN-SPN, all COGs were queried for the S. pneumoniae locus tags 425 corresponding to the 356 virulence genes (23) and 92 well studied pneumococcal genes (26) 426 listed in Tables S4 and S5 . Additionally, the proteins listed in Table S5 were analyzed using a 427 70% length cutoff to score proteins as present; conservation of synteny with was confirmed 428 for all proteins. Genetic loci of proteins scored as absent were manually checked for contig 429 breaks and pseudogenes. (Table S8) . ICE, Mega-2 and "other resistances" refer to genotypic 732 resistances; penicillin (Pen) and co-trimoxazole (SXT) refer to phenotypic resistances (Table   733 S7) and references (5, 20, (57) (58) (59) . ND, not determined due to the presence of 734 pseudogenes/contig breaks; NA, data not available. S P N 0 3 4 1 8 3 S P N 9 9 4 0 3 8 S P N 9 9 4 0 3 9 S T 5 5 6 S W 0 2 T a iw a n 1 9 F -1 4 T C H 8 4 3 1 -1 9 A * S P N A 4 5 BlpC allelic variants 6.1 6.3 6.4 10
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